In the milieu of urinary tract, urine is subject to changes in osmolarity depending on host's diet and clinical condition. The present investigation was planned to study the effect of osmolarity on growth and elaboration of virulence factors by Pseudomonas aeruginosa in planktonic and biofilm cell mode. Significant enhancement in growth and elaboration of all the virulence traits was observed with increase in osmolarity of the growth medium from 100 to 300 mOsmol/l. However, with further increase in osmolarity to 350 mOsmol/l there was significant decrease in growth and production of all the virulence determinants. In addition, organisms grown in 300 mOsmol/l medium showed increased adherence to uroepithelial cells, evade phagocytosis and were more virulent in mouse model of ascending pyelonephritis as indicated by higher bacterial load and tissue damage. The findings of the present study may be relevant for the better understanding of host-parasite interactions and will pave the way for the future development of preventive strategies against urinary tract infections.
Introduction
Stress conditions have been reported to exist in the milieu of human urinary tract. Invading pathogen has to adapt to fluctuations in osmolarity levels of urine in order to establish in the urinary tract [1] . Although uropathogens grow very well in human urine but their multiplication has been shown to be affected by osmolarity of this medium [2, 3] . Osmolarity of the normal human urine ranges from 100-200 mOsmol/l. However, osmolarity of the urine in the kidneys exceed the osmolarity of urine held in the bladder [4] . Fluctuating osmolarity thus distinguishes the urinary tract from most other mammalian systems [5] . Osmolarity values may also vary under different physiological and pathological conditions [6] . Environmental conditions prevalent in the host milieu may bring about certain changes in organism like change in outer membrane protein (OMP) profile, porin size [7] and adhesive ability operative through lectins [8] . Exposure of organism to environmental changes like osmolarity may play an important role in deciding the ultimate outcome of an infection.
Pseudomonas aeruginosa is the most common pathogen associated with hospital acquired catheter associated urinary tract infections (UTIs) [9] . It possess a number of virulence factors which play a crucial role in its pathogenicity like alginate, lipopolysaccharide (LPS), flagellum, protease, elastase, phopholipase, pyocyanin, exotoxin A, exoenzyme S, hemolysins (rhamnolipids) and siderophores [10] [11] [12] . In addition to elaboration of virulence factors, P.aeruginosa has a tendency to form biofilms on the surface of indwelling catheters in catheterized patients [13] . Growth of P. aeruginosa begins in the form of microcolonies, which later coalesce together to form biofilms [14] [15] . Biofilms are resistant to antimicrobial agents as well as to host defense mechanisms and hence are difficult to eradicate [16] . Biofilms contribute towards pathogenicity of P. aeruginosa as these often lead to persistent and recurrent infections [17] . While establishing in the urinary tract, presence of urine, which is a complex medium, exposes this organism to conditions like varied osmolarity. There is paucity of literature regarding effect of osmolarity on P. aeruginosa. The present investigation was planned to study the effect of osmolarity on virulence of P. aeruginosa in planktonic and biofilm cell mode in vitro and in vivo. Extrapolation of available information may help in understanding host-parasite interaction in relation to UTI caused by P. aeruginosa.
Materials and Methods
Organisms: A urinary isolate of P. aeruginosa (PA5) serotype O11 (as serotyped by Laboratory of Healthcare Associated infection, London), employed in earlier studies [18] [19] [20] , obtained from hospitalized patient having complicated UTI and producing most of the recognized virulence factors like alginate, protease, elastase, phopholipase C, hemolysin, pyochelin and pyoverdin was used. In addition, a standard strain of P. aeruginosa, PAO, producing the above mentioned virulence factors was obtained from Dr. Barbara H. Iglewski, University of Rochester, New York (USA). Both the strains were maintained on nutrient agar stabs at 4 o C and in glycerol stocks at -70 o C. Generation of planktonic cells and growth profile studies: For generation of planktonic cells of P. aeruginosa, an aliquot of frozen cultures was inoculated on 1% cetrimide agar plates and colonies were suspended in phosphate buffer saline (PBS, pH 7.0). 100 l aliquots of adjusted culture (A 540 0.4) was used to inoculate M9 medium having varying osmolarity [21] . These were incubated at 37 o C and sampled at 2, 4, 6, 8 and 10 h. Viable log counts per milliliter (CFU/ml) was then calculated.
Generation of biofilms and growth profile studies: For generation of biofilms method of Mittal et al. [18] was employed. Foley's catheter (Bardia) was cut into 1.0 cm pieces and put in flasks having M9 medium. 100 l of overnight washed adjusted bacterial culture (A 540 0.4) was inoculated separately in each flask and incubated at 37 0 C. After every 24 h catheter pieces were removed from each flask and transferred to the new flask containing respective M9 medium. Incubation was done till day 4. To study growth profile, catheter pieces were rinsed 3 times with PBS (pH 7.4). Cells were removed from the surface of catheter pieces with sterile scalpel blade. Dispersed sample was then centrifuged and the biofilms cells were suspended in 1 ml PBS. Biofilms cells were sampled at 1, 2, 3 and 4 days. Log colony forming units per milliliter (CFU/ml) was calculated.
Effect of osmolarity: To investigate the possible influence of osmolarity on virulence of P. aeruginosa, growth medium (M9) was set for different osmolarities ranging from 200 to 350 mOsmol per litre by adding 0.1 M NaCl using osmometer according to the method of Scharfman et al. [21] and then adjusting the pH to 7.0.
Preparation of cell free supernatant (CFS):
Culture supernatants were collected from planktonic cells and biofilm cells (on day 4) after adjusting the absorbance (A 540 ) to 1.0 for estimation of virulence factors. Since it has been reported that production of alginate, siderophores, exoenzymes and hemolysin play a pivotal role in pathogenesis of P. aeruginosa induced infections [10] , therefore, these virulence factors were estimated in the present study. In addition, methods employed in this study have been considered as most reliable assays for quantitative determination of virulence traits [10] .
Alginate determination: Alginate in the culture supernatant was precipitated with an equal volume of 2% (w/v) cetylpyridinium chloride. Amount of alginate was determined using a borate/ carbazole method with D-mannuronate lactone used to calibrate a standard curve according to the method of Mathee et al. [22] .
Pyochelin and Pyoverdin estimation: Pyochelin was estimated in 1ml of culture supernatant, mixed with 1ml each of 0.5 N HCl, nitrite molybdate reagent and 1 N NaOH. Final volume was made to 5 ml with double distilled water and absorbance was read at 510 nm [20] . For pyoverdin estimation, fluorescence of 3 ml of supernatant (pH adjusted to 2.0 and extracted with ethyl acetate) was measured at 460 nm while the samples were excited at 400 nm in a Gibson Spectro Gloflourometer.
Protease production: For proteolytic activity, culture supernatants were diluted in 10mM Tris (pH 7.5) and incubated with 15 mg hide powder azure (Sigma Chemical Company, USA) at 37 0 C for 1 h. Absorbance was measured at 595 nm and results were expressed in units per mg protein (U/mg protein) [10] .
Elastase production: Elastolytic activity was measured by using elastin-congo red (Sigma Chemical Company, USA) as substrate [10] . Optical density was taken at 495 nm and results were expressed in units per mg protein (U/mg protein).
Phopholipase C (PLC) production: PLC activity was measured spectrophotometrically at 405 nm using p-nitrophenylphosphorylcholine (PNPC, Sigma Chemical Company, USA) as substrate and results were expressed in units per mg protein (U/mg protein) [23] .
Hemolysin
Production: Quantitative determination of cell free and cell bound hemolysin was done following the method of Linkish and Vogt [24] .
Cell free hemolysin assay: 1.5 ml of 2% suspension of washed human erythrocytes was added to 1.5 ml of cell free supernatant. The mixture was incubated at 37 0 C for 2 h and centrifuged (5000 g for 5 min). Absorbance of supernatant was read at 545 nm.
Cell bound hemolysin assay: 1.5 ml of 2% suspension of washed human erythrocytes was added to 1.5 ml of adjusted bacterial culture (A 540 0.4). The mixture was incubated at 37 0 C for 2 h and assay mixture was centrifuged at 8000 g for 15 min. The supernatant was collected and absorbance was read at 545nm. The amount of hemolysin was determined using lyophilized hemoglobin to calibrate a standard curve.
Uroepithelial cell (UEC) adhesion assay
UEC adhesion assay was performed following the method of Mittal et al. [18] . UECs were collected from pooled human urine (consisting of morning samples of four healthy females), and their number was adjusted to 10 5 cells per ml by counting in a Neubauer chamber after staining with 0.1% trypan blue. An adhesion assay mixture consisting of 1 ml each of bacterial cells and UECs was incubated at 37°C for 1 h. After centrifugation and a minimum of three washings to remove unattached bacteria, smears were prepared and stained with Giemsa stain. Bacteria adhering to 30 UECs were counted, and the average number of bacteria adhering per UEC was calculated.
Phagocytosis assay
Isolation of peritoneal macrophages: Peritoneal macrophages were isolated from mice by the method of Bjornson and Michael [25] . Briefly, peritoneal cavities of mice were exposed without disrupting blood vessels; 8-10 ml RPMI-1640 medium was injected into the cavity, and the abdomen was massaged for 1-2 min. The peritoneal lavage was sucked back using a syringe and added to a sterile glass petri-plate. The glass petri-plates were incubated at 37°C for 1 h in a CO 2 incubator to allow sticking of macrophages. The macrophages were washed twice with RPMI-1640, and cell density was adjusted to 10 5 cells per ml in RPMI-1640.
Uptake by macrophages: A total of 0.4 ml of normal mouse serum, 0.5 ml of macrophage cell suspension (10 5 cells per ml) and 0.1 ml of bacterial suspension (10 8 cells per ml, were taken in separate duplicate test tubes, vortexed gently and kept at 37°C under 5% CO 2 atmosphere. Aliquots were taken after 90 min of incubation and were transferred to 2 ml of cold RPMI-1640 medium. Macrophages were pelleted by centrifugation, and the viable count of bacteria in the supernatant was determined by plating appropriate serial dilutions on nutrient agar plates. Results were expressed as percentage bacteria taken up by the macrophages by subtracting the count in supernatant from the total count added.
Induction of ascending pyelonephritis: For animal experiments, the original method of Schaeffer et al. [26] with slight modifications as outlined by Mittal et al. [18] was employed. Female LACA mice, 6-8-week-old, weighing 25 ± 5 g obtained from Central Animal House, Panjab University, Chandigarh, India were used. Animals were kept in clean polypropylene cages under pathogen-free conditions and given food and water ad libitum. The bladder of animals was pressed to evacuate urine before instillation. Urine was checked for preinfection bacteriuria by culturing on selective media. A soft intramedic polyethylene catheter, non-radiopaque (outer diameter 0.61 mm, Clay Adams, USA) was inserted into the bladder through the urethral meatus, and 0.05 ml of inoculum containing 10 8 CFU/ml was slowly injected into the bladder to avoid leakage. The catheter was kept in place for 10 min after completion of instillation and then it was withdrawn carefully. No obstruction or further manipulation of the urinary tract was done. To study the effect of osmolarity on in vivo colonization, planktonic and biofilm cells of P. aeruginosa grown in 300 mOsmol/l M9 medium separately were used to induce acute ascending UTI. 8 mice were used for each strain and for each time interval separately for planktonic and biofilm cell forms. All animal experiments were carried out in two groups in triplicate. The study protocol was approved by the institutional ethical committee for animal experimentation.
Bacteriological examination: Animals were sacrificed at 1, 3, 5 and 7 days postinfection. Onehalf of both the kidneys and the bladder tissue was removed aseptically, weighed and homogenized in 1 ml of sterile PBS. Quantitative bacterial counts per gram of the kidney and bladder tissue were calculated [18] .
Histopathological examination: The other half of the kidney and bladder tissue was fixed in 10% buffered formal saline and was dehydrated in ethanol gradient of 30-100%. Tissues were then embedded in wax, sectioned and stained with hemotoxylin and eosin [27] . The medulla, cortex, calyx and subcalyx of each kidney were evaluated on a semiquantitative scale of 0-4. These individual scores were then added to obtain an overall severity score, which ranged from 0 to 16. Bladder tissue was scored on a semiquantitative scale of 0-4 according to method of Hopkins et al. [28] . The histopathological examination was done by a pathologist experienced in urinary tract pathology.
Malondialdehyde (MDA) estimation: MDA was estimated following method of Wills [29] . Briefly tissue supernatant was added to equal amount of Tris HCl (0.1M, pH 7.4) and incubated at 37 o C for 2 h. After incubation, trichloroacetic acid was added and centrifuged at 700 g for 10 min. Supernatant was mixed with equal volume of thiobarbituric acid (0.67% w/v) and kept in boiling water bath for 10 min. After cooling, volume was made to 3 ml with double distilled water and absorbance was taken at 532 nm. Amount of MDA formed was expressed in nanomoles per milligram protein (n moles/mg).
Statistical Analysis. Results were statistically analyzed by applying student's t test and Fischer two-tailed exact test for calculating P values. P<0.05 was considered statistically significant.
Results
Osmolarity affects the growth profile of P. aeruginosa
In the present study, effect of osmolarity on growth of planktonic and biofilms cells of P. aeruginosa was assessed at different time intervals. Significant enhancement in growth of both planktonic and biofilm cells of P. aeruginosa was observed with increase in osmolarity of the medium from 200 to 300 mOsmol/l (Table 1) (P<0.01). Maximum growth of both planktonic and biofilm cells of P. aeruginosa was observable in medium having osmolarity of 300 mOsmol/l. However, significant decrease in growth of both planktonic and biofilms cells was observed with further increase in osmolarity to 350 mOsmol/l (P<0.01). These findings bring out that osmolarity of the urine may play a pivotal role in deciding the ultimate outcome of an infection by affecting the growth profile of uropathogens and hence ultimate clearance from the urinary tract. Osmolarity of the growth medium affects elaboration of virulence factors by P. aeruginosa.
To study the effect of osmolarity on elaboration of virulence traits, biofilm and planktonic cells of P. aeruginosa were grown in M9 medium with different osmolarities ranging from 200 to 350 mOsmol/l. With increase in osmolarity from 200 to 300 mOsmol/l, there was significant increase in alginate, protease, elastase, PLC, pyochelin, pyoverdin, cell free and cell bound hemolysin production in both the planktonic and biofilms cells of P. aeruginosa (Table 2 ) (P<0.01). However with further increase in osmolarity to 350 mOsmol/l, significant decrease in production of all these virulence traits was observed in both the strains of P. aeruginosa (P<0.01). In addition, biofilm cells of P. aeruginosa produced significantly higher levels of all these virulence factors as compared to their planktonic counterparts at all osmolarity values (P<0.01).
Organisms grown in 300 mOsmol/l medium showed increased adherence to UECs and evade phagocytosis
Since adhesion to epithelial cells is considered a prerequisite for the initiation of UTI, therefore, in this study, adhesion of P. aeruginosa grown in 300 mOsmol/l medium to UECs collected from normal human urine was checked. Significant increase in adherence of planktonic and biofilm cells of P. aeruginosa to epithelial cells was observed following growth in 300 mOsmol/l medium compared with organisms cultured in nutrient broth (P<0.001) (Fig. 1A) . The number of adherent bacteria was 53-59 and 84-92 per cell in 300mOsmol/l grown P. aeruginosa whereas 23 to 28 and 39 to 42 organisms adhered to UECs when P. aeruginosa was cultured in nutrient broth in planktonic and biofilm cells respectively.
In the present investigation, when P. aeruginosa grown in 300 mOsmol/l medium was interacted with mouse peritoneal macrophages, significant decrease in uptake of these organisms was observed compared to uptake of nutrient broth grown bacteria (Fig. 1B)(P<0.001) . This was true with both planktonic and biofilm cells of both the strains of P. aeruginosa. Osmolarity influences the in vivo virulence of P. aeruginosa
To study the effect of osmolarity on infective ability of P. aeruginosa, biofilm and planktonic cells were grown in M9 medium having osmolarity 300 mOsmol/l. This osmolarity was selected since maximum elaboration of all the virulence determinants by P. aeruginosa was observed at this osmolarity value. Bacterial load in renal and bladder tissue as well as in urine was significantly higher in animals infected with P. aeruginosa grown in 300 mOsmol/l M9 medium as compared to mice infected with nutrient broth grown bacteria at all postinfection time intervals (P<0.01) (Table 3A and 3B).
Histopathological examination of renal and bladder tissue.
Pathological examination of renal tissue of mice infected with P. aeruginosa grown in 300 mOsmol/l M9 medium (test group) revealed marked acute interstitial pyelonephritis with cortical and medullary involvement ( Fig. 2A ). There were multiple areas of abscessation, with widespread destruction of renal architecture. In contrast moderate inflammation was observable in renal tissue of animals infected with nutrient broth grown organisms (control group) (Fig. 2B) . Renal severity scores varied from 5 to 9 and from 7 to 11 in test group whereas it ranged from 2 to 5 and from 5 to 8 in control group in planktonic and biofilm cells respectively (Table 4A) .
Bladder tissue of mice infected with P. aeruginosa grown in 300 mOsmol/l M9 medium displayed disruption of the bladder epithelium, marked edema, and severe inflammation (Fig. 2C) whereas only moderate number of neutrophils were seen in bladder tissue of control group with no edema (Fig. 2D) . Bladder severity scores varied from 2 to 3 and from 3 to 4 in test group whereas it ranged from 1 to 2 and from 2 to 3 in control group in planktonic and biofilm cells respectively (Table 4B) .
Osmolarity determines the extent of tissue damage
Lipid peroxidation has been established as a major mechanism of cellular injury following infection. Malondialdehyde (MDA) is the end product of lipid peroxidation occurring during the disease process. A number of workers have used malondialdehyde (MDA) levels for estimating the intensity of lipid peroxidation in tissues as it offers speed, reliability and sensitivity. In addition, MDA is considered as the most reliable marker for measuring oxidative stress and tissue damage occurring during infection [30] . In the present study, MDA levels were quantitated in renal, bladder and urine of infected mice in order to determine the extent of lipid peroxidation in control and test group. MDA levels were significantly higher in test group damage compared to control group (Fig. 3) (P<0.01) . This suggests that ability of P. aeruginosa to cause tissue damage may depend on osmolarity of the growth medium. 
0 Discussion
In the present investigation, effect of osmolarity on growth and elaboration of virulence factors by biofilm and planktonic cells of P. aeruginosa was studied. It was observed that with increase in osmolarity of the medium from 200 to 300 mOsmol/l, there was significant enhancement in growth and elaboration of all the virulence factors. However, with further increase in osmolarity of the medium to 350 mOsmol/l, there was significant decrease in growth and production of all the virulence traits. This pattern of growth and variation in elaboration of virulence factors with variation in osmolarity of growth medium was observed periodically also ranging from 2 to 12 h in case of planktonic cells and 1 to 4 day in case of biofilms cells of P. aeruginosa (Table 1 and data not shown). In addition, planktonic and biofilms cells of P. aeruginosa grown in 300 mOsmol/l medium showed increased adherence to UECs and decreased phagocytosis by murine peritoneal macrophages. There is paucity of literature regarding role of osmolarity on growth and virulence of uropathogenic P. aeruginosa but limited reports in relation to other uropathogens like Escherichia coli and Staphylococcus saprohyticus are available. Effect of different osmolarities on phagocytosis and killing of Escherichia coli and Staphylococcus saprophyticus by PMNs in vitro was studied by Gargan et al. [31] . Impaired phagocytosis and killing of E. coli by human PMNs in urine with high osmolality and low pH in vitro was observed by these workers. Osmolarity was shown to be main modulating factor affecting phagocytosis and hence ultimate clearance of bacteria from the urinary tract. These workers suggested that raising the urinary pH and reducing the osmolarity might help in restoring normal bactericidal activity of PMNs leading to clearance of organisms. Further, Schwan et al. [32] also reported that combination of low pH and moderate to high osmolarity can have profound synergistic effect on the expression of the Type I pilli on the surfaces of the bacteria thus affecting adhesion to host tissues. Urinary tract imposes multiple physiochemical stresses on colonizing bacteria. Therefore, employment of urinary tract infection model is useful for studying the relationship between virulence of the invading bacterium and the stress that it encounters. Opportunistic pathogen like P. aeruginosa has to survive major environmental stresses during causation of UTI especially in the form of varied osmolarity present in the milieu of urine [6] . This variation in osmolarity of urine may also play a key role in the pathogenesis and final evolution of disease process [32] . Earlier work from our laboratory has shown that constituents of urine can modulate elaboration of virulence factors by uropathogenic E. coli [33, 34] . However there has been no report as to how the virulence of opportunistic pathogen like P. aeruginosa exposed to variations in osmolarities of urine will affect its in vivo colonizing ability. In the present investigation, P. aeruginosa (planktonic and biofilm cells) grown in 300 mM Osmol/l M9 medium (test group) when used for infecting mice were found to be more virulent in the urinary tract as indicated by significantly higher bacterial load and MDA production (a marker of tissue damage) compared to organisms cultured in nutrient broth having osmolarity of 80 mOsmol/l (control group). Pathological examination of renal as well as bladder tissue revealed severe inflammation along with necrotic changes and vascular permeability in test group whereas only moderate inflammation was observable in control group. This was true for both planktonic and biofilm cells of all the strains of P. aeruginosa. Culham et al. [35] highlighted that in addition to directly influencing bacterial growth in the urinary tract, osmoregulatory mechanisms may indirectly influence urinary tract infection by affecting the expression of virulence determinants. Later in 2001, these workers reported presence of additional osmoregulatory systems in E. coli K-12, which may facilitate growth of pyelonephritic isolates in human urine and also assist in colonization of mammalian urinary tract. In case of P. aeruginosa, the sigma factor, Rpo S, has been shown to play an important role during exposure of this organism to various environmental stresses including osmotic stress. Suh et al. [32] also suggested importance of Rpo S in the pathogenesis of P. aeruginosa induced respiratory infections. There is strong possibility that similar mechanism may be operative in the urinary tract affecting the evolution of infection caused by P. aeruginosa although this needs further studies. In addition, RpoS has been demonstrated to affect quorumsensing systems in P. aeruginosa. Since quorum sensing systems play a central role in regulating the production of pathogenicity factors in P. aeruginosa, therefore, this may account for enhanced virulence of this pathogen observable in this study.
The results of the present investigation bring out that pathogens posses mechanisms to exploit environmental conditions prevalent in the host milieu for its own survival. Enhanced elaboration of virulence factors along with increased adhesion to UECs and evasion of phagocytosis may be responsible for enhanced virulence of P. aeruginosa observable in mouse model of ascending UTI. The findings of this investigation may be relevant for better understanding of disease pathophysiology and may be of clinical importance in the development of preventive intervention against P. aeruginosa induced UTIs. Further studies are warranted in order to elucidate the precise role of osmolarity on the induction and evolution of urinary tract infections caused by P. aeruginosa.
